n patients with moyamoya the clinical significance of the presence of transdural collaterals, defined as blood supply to the cortex from branches of the external carotid artery (ECA), has not been widely investigated. Transdural collaterals are important to note preoperatively because their interruption during a revascularization procedure may result in stroke. Because the existence of spontaneous transdural collaterals appears to demonstrate the capacity of the brain to attract a new vascular supply, we hypothesized that evidence of this preoperative collateral could serve as a surrogate marker of moyamoya severity and might predict a robust response to revascularization.
moya arteriopathy was reviewed to identify all patients with both moyamoya and preoperative catheter angiograms (including bilateral ECA and internal carotid artery [ICA] injections) who were treated with surgical revascularization between 2005 and 2013. Moyamoya was confirmed by the criteria outlined in the Japanese guidelines and recent pediatric evidence-based practice review. 4, 25 In accordance with an IRB-approved protocol, medical records were retrospectively reviewed to determine patient demographic information, age at presentation and initial surgery, symptoms at presentation, comorbid conditions, results of radiographic studies, perioperative and late complications, and long-term outcomes.
The Suzuki staging system was used to stratify preoperative disease severity. 4, 27 Evidence of slow cortical flow was determined by the presence of sulcal hyperintensity on axial FLAIR images (ivy sign) on MRI. 3, 8, 14 The Matsushima grade on postoperative digital subtraction angiography (DSA) and evidence of new postoperative infarct on MRI or CT (as compared with preoperative studies) were used to evaluate the outcome of this cohort. 16 Transdural collaterals were defined as blood supply to the cortex from branches of the ECA, as determined by formal neuroradiology review. (Ophthalmic collateral vessels were excluded from this study because they originate from branches of the ICA and, from a practical standpoint, are not likely to ever be in a surgical revascularization operative field.) Transdural collaterals were characterized for each hemisphere by the primary parent artery (middle meningeal, superficial temporal, maxillary, or ethmoidal). The determination of collateralization was made as part of the routine radiology report, as dictated by the attending neuroradiologist at the time of the child's imaging, independent of the surgeon and included as part of the routine clinical interpretation of films. All cases had images available for review at the time of surgery and also for re-review during the preparation of this manuscript (all images are kept as part of the permanent medical record on our PACS system). All reports were confirmed by rereview at the time of manuscript preparation by the lead author (E.S.) and head of radiology (R.R.). If a patient had transdural collaterals from more than one source, then the vessel providing the largest supply was defined as the primary parent artery (Fig. 1) . The systematic operative approach of pial synangiosis uses a reproducible surgical field under the parietal branch of the superficial temporal artery (STA), allowing the surgeon to reliably predict the presence of collateral branches in the field preoperatively. Transdural collaterals were considered to be within the surgical field if any part of the collateral supply could be physically disrupted within the area of the craniotomy (both cortical collaterals directly in view and also en passage vessels within the field that supply collaterals distally).
The operative approach in all patients was pial synangiosis, a modification of the encephaloduroarteriosynangiosis procedure developed by the senior author (R.M.S.). 1 The approach uses the parietal branch of the STA for an indirect bypass and radiographic outcomes are standardized to the Matsushima grade (Fig. 2) . 17, 18, 22 Complications were defined specifically as perioperative strokes, confirmed by MRI evidence of acute infarction (read independently by the neuroradiologist on service at the time the MRI was performed as part of routine clinical practice). Strokes were ascribed to interruption of transdural collaterals if a new postoperative stroke was identified that was specific to the transdural supply. For example, in a patient with a new postoperative superior division middle cerebral artery (MCA) stroke that encompassed a small patch of cortex supplied by transdural vessels, the event would not be considered a complication secondary to the collaterals. However, a small cortical infarct directly underlying an area of collaterals would be considered a transdural collateral-related complication. Specifically, each perioperative stroke was subjected to retrospective review by the surgeon and the neuroradiologists (R.M.S., R.R., E.S.) for the purpose of this manuscript. To be called a transdural collateral-related complication, the infarct in question had to meet the following criteria: it had to be 1) acute; 2) limited to just the anatomically concordant area of cortex specifically supplied by a distinct, individual collateral vessel; 3) supplied by a collateral vessel that traversed the operative field; and 4) unanimously agreed upon by the reviewers.
Results

Demographic Data
In the study period covered by the IRB approval (January 2005-December 2013), a total of 204 patients (of 507) had full, 5-vessel preoperative catheter arteriograms available for review. Demographic information for the study cohort is summarized in Table 1 . There were 121 females (59%) and 83 males (41%) in the group. The average age at time of treatment was 9.5 years (range 0.4-35 years); most children were treated within several weeks of diagnosis, so the age at diagnosis and treatment averaged out the same.
Clinical Presentation
The average age at diagnosis was 9.5 years (range 0.4-35 years) and 190 patients had symptoms referable to moyamoya at the time of presentation (93%). Ischemic symptoms (stroke or transient ischemic attack) were present in 171 patients (84%), headaches were present in 73 patients (36%), 6 patients (3%) presented with chorea, and 2 patients (1%) presented with intracranial hemorrhage. Fourteen patients (7%) were asymptomatic at presentation.
Radiographic Presentation
As shown in Table 2 , there were 358 affected hemispheres in 204 patients. Bilateral disease was present in 154 patients (75%) at presentation (308 hemispheres) and unilateral disease was present in 50 patients (25%), involving 50 hemispheres (23 [46%] left, and 27 [54%] right). Ivy sign, an MRI marker on FLAIR sequences of slow cortical flow, was present in 190 (93%) hemispheres. Radiographic evidence of stroke was present in 152 (75%) of patients, distributed across 246 (69%) hemispheres.
Transdural collaterals were present in 107 (52%) patients, in nearly half of all hemispheres (176 hemispheres [49%]). Of 14 patients who had undergone previous cranial surgery unrelated to their moyamoya disease, approximately one-fifth had evidence of transdural collaterals at the surgery site (3/14 patients [21%]). The primary parent artery of the transdural collaterals was the middle meningeal artery (MMA) in the large majority of cases (150 [85%]), followed by the STA (16 [9%] ) and maxillary artery (10 [6%] ). The average Suzuki grade at presentation was 3.3. Patients with transdural collaterals had higher average Suzuki grades at presentation when compared with patients without transdural collaterals (3.4 vs 3.0, p = 0.002).
Surgical Results
A total of 324 operations were performed in 204 patients (Table 3) . Eighty-four patients (41%) underwent unilateral surgery, and 120 patients (59%) underwent bilateral procedures. Of a total of 324 treated hemispheres, 84 (26%) had collaterals within the area of the surgical field (Fig. 3) . 
Postoperative Complications
In the 324 operations, there were no deaths (Table 3) . Complications included 12 perioperative strokes in 324 hemispheres (3.7% per hemisphere), with 5 of the strokes directly attributable to interruption of transdural collaterals in the operative field (5/12 [42%]), as defined by the criteria outlined in the Methods section. The other 7 strokes were not related to the operative field and included 2 large MCA territory infarctions in infants, 4 watershed zone infarctions, and 1 patient with a frontal pole infarction. These other 7 strokes were excluded as transdural collateral-related complications for the following reasons: they 1) involved an entire parent branch (the 2 MCA strokes); 2) had vascular territories that were larger-and discontinuous-with the preoperative areas of perfusion supplied by the transdural collaterals (the watershed infarctions); or 3) did not align with the same anatomical location as the areas of perfusion supplied by the transdural collaterals (frontal pole). An example of the type of stroke we would include as a transdural-related surgical complication is demonstrated in Fig. 4 .
Angiographic Outcomes
The 1-year angiographic outcomes were available for 222 hemispheres in 126 patients (Table 4) . Overall, Matsushima Grade A surgical collaterals were seen in 54% of hemispheres, Matsushima Grade B in 28%, and Matsushima Grade C in 18%. For patients with preexisting transdural collateral vessels evident before surgery, the postsurgical angiographic Matsushima grades were better than those in patients without evidence of preoperative transdural collaterals (A = 63% vs 42%, B = 26% vs 32%, and C = 12% vs 26%; p < 0.003, 2-tailed Mann-Whitney test).
Discussion
The ability of the ischemic brain to develop spontaneous networks of vascular collaterals has long been known, but specific analysis of spontaneous transdural collaterals in moyamoya is limited. 19, 20, 24 Here we present data from our series of surgically treated patients with moyamoya to better understand the potentially significant clinical and biological implications of this phenomenon, with the goal of defining its potential as a novel radiographic biomarker in this disease. The WHO and the NIH have recently defined a biomarker as "any substance, structure, or process that can be measured in the body… and influences or predicts the incidence of outcome or disease," and the identification and use of these collaterals in this series fits this definition directly. 26 Our analysis reveals that the prevalence of preoperative transdural collaterals is very high; that the presence of these collaterals correlates with radiographic markers of advanced arteriopathy (and therefore, presumably, ischemia); that interruption of these collaterals at surgery is a major factor in perioperative stroke; and that patients with preoperative transdural collaterals have better postoperative radiographic responses to surgical revascularization.
Transdural Collateral Characteristics and Risk of Perioperative Complications
The data from this study reveal that spontaneous transdural collaterals existed in approximately half of patients in the series, with the vast majority of collaterals primarily arising from the MMA. Approximately one-quarter of patients with previous surgery had developed angiographically evident collaterals at the surgical site, suggesting that any openings provided to the ischemic brain may be used as a corridor for vessel growth. This is concordant with findings in previous reports of collaterals developing at sites of ventriculoperitoneal shunts in patients with moyamoya, and suggests that particular caution should be taken in planning reoperation or revascularization surgery in this population. 24 Relevant to the discussion of operative planning, it is important to note that nearly half (42%) of the perioperative strokes in this series were directly attributable to interruption of preexisting transdural collaterals at the time of surgery, underscoring the need to carefully review the radiographic images, even when routinely obtained. Given that perioperative stroke is the most common complication of revascularization surgery for moyamoya, this finding is critical, because it identifies an immediately modifiable risk factor to potentially reduce complications. 5, 12, 22, 23, 28 On the one hand, the largest craniotomy and dural opening possible will maximize the area for revascularization. On the other hand, knowledge of preexisting transdural collaterals can allow the surgeon to tailor his or her opening to the greatest possible extent while specifically avoiding identified collaterals.
Although catheter angiography may not be feasible in every patient with moyamoya (due to technical and time limitations, risk of dye reactions, comorbidities, and so on), the data from this study support consideration of its use-including ECA injections-when possible. Future advances in imaging may obviate the need for catheter angiography, but currently, in experienced centers the risk of these studies is low, and this research suggests that there may be substantial benefit to its use to plan operative approaches that avoid interruption of transdural collateral vessels.
2,13,21
Association of Collaterals With Ischemia and Relevance to Angiographic Outcomes
Suzuki grades are predicated on the premise that worsening ischemia correlates with increasing basal collateral development until the final stages of complete occlusion of the ICA shut down all blood flow. 27 Given that cerebral ischemia functions as a biological driver of collateral development, we hypothesized that patients with more severe arteriopathy (and, concomitantly, ischemia) would have a higher prevalence of spontaneous transdural collaterals. 9, 11, 15, 19 Using the radiographic markers of higher Suzuki grade and ivy sign, we found that the presence of transdural collaterals correlated with markers of worsening ischemia. 3, 7, 8, 10, 27, 29 Analysis of our patient population also revealed that the presence of spontaneous transdural collaterals preoperatively significantly correlated with better postoperative angiographic results at 1 year after surgery, as measured by the Matsushima grade. 17, 18 Taken together, these data support the hypothesis that cerebral ischemia stimulates the development of collateral development, both spontaneously and after surgical revacularization. This finding is important because it suggests that it may be possible to predict appropriate candidates for surgery, potentially by using specific radiographic criteria (Suzuki grade, ivy sign, transdural collateral presence). In addition, if the molecular drivers of collateral development can be identified,
FIG. 3.
Lateral unsubtracted (A) postoperative skull radiograph juxtaposed to preoperative (B) lateral ECA injection of catheter angiogram, with a red oval outlining the craniotomy site. Note how the location of the planned craniotomy could potentially interrupt the preexisting MMA collaterals at either the bony opening (if the artery was in proximity to the underside of the skull) or the dural opening. With this information, preoperative planning can provide extra care in the craniotomy and specific preservation of the MMA branches with a tailored dural opening. In this case the craniotomy site was not adjusted, but the dural opening was changed to preserve the continuity of the transdural collateral vessel. they could be used as novel biomarkers to select surgical candidates-and could theoretically also have utility as surgical adjuncts to augment revascularization.
Limitations and Future Directions
First, our data focused on a predominantly pediatric population, and it is important to acknowledge this skew in the age of our patients. However, limited data from adult moyamoya patients are concordant with our results and reinforce the general applicability of our findings. The prevalence of preoperative transdural collaterals in a study of adults (42%; 27/64 hemispheres) was slightly lower but nonetheless similar to our data (49% of 176 hemispheres), although location, effects on complications, and relationship to outcome were not reported in the adult series. 6 To our knowledge, our series is the largest to date, but clearly this work would benefit from further validation by a larger, multicenter study.
Second, whereas our measures of radiographic ischemia are well validated and include both angiographic (Suzuki grade) and MRI (ivy sign) data, they do differ from some other reported methods of evaluation. Radiographic measures of ischemia, including cerebral blood flow, oxygen extraction fraction, and cerebral blood volume, were studied in 10 adult patients with moyamoya by using PET, and the presence of transdural collaterals correlated with increased cerebral ischemia. 20 Although PET studies are generally avoided in our practice due to their exposure of children to radiation and the additional need for sedation in the pediatric population, the premise that preexisting cerebral ischemia spurs collateral growth meshes nicely with our findings that children with preoperative transdural collaterals also demonstrate radiographic evidence of more severe ischemia at presentation (Suzuki stage and ivy sign) and exhibit a trend toward better growth of postoperative collaterals after surgery (as measured by Matsushima grade). It is important to note that we are not advocating replacing other types of studies with catheter angiographyrather, we present these data to underscore the importance of continuing catheter angiography as one part of the diagnostic workup of patients with moyamoya and to highlight new findings that add to its ongoing utility.
Third, although this work describes the phenomenon of transdural collateral prevalence and the clinical implications of its presence, it does not offer direct insight into the mechanistic drivers of growth. Future studies will focus on the biological underpinnings of transdural collateral development.
Fourth, we recognize that it is ultimately impossible to directly relate interruption of transdural collaterals to postoperative stroke, absent the (currently impractical) ability to perform intraoperative, real-time imaging to observe infarction occurring concurrently with transdural collateral interruption. Consequently, although there will always remain a potential question of whether any given stroke might be coincidental and not causal from collateral interruption, we hope that the stringent criteria we have applied (as outlined in our Methods section and as exemplified in Fig. 4) for defining a transdural-related stroke will help to minimize false-positive reporting. Independent of the methods used to quantify transdural collateral-related stroke, we believe that this report will be helpful to surgeons by providing an analysis of the overall prevalence of transdural collaterals in pediatric moyamoya.
Fifth, we recognize that there are risks inherent to the use of catheter angiography, including arterial injury, stroke, and radiation exposure. Although these risks are rare in experienced centers, we remain committed to finding alternatives to DSA. Doppler ultrasonography is a useful tool to identify the presence of vessels, and may be a useful adjunct to other imaging tools. However, because it is currently unable to reliably identify vessels through bone, it may be limited in its ability to find collateral vessels that supply the cortex and that run under bone (such as meningeal branches) outside of the surgical field. To date, our investigations with MRA and CT angiography have not been able to replicate the sensitivity and resolution offered by DSA. However, we currently are conducting trials for a new method of CT angiographic imaging, and hope to report on the results of this work in the near future.
Conclusions
Spontaneous transdural collaterals were present in nearly half of all patients with moyamoya in our series. These vessels are more common in patients with advanced disease, are associated with stroke as a perioperative complication, and may suggest increased capacity to produce surgical collaterals postoperatively. These data support the use of preoperative catheter angiography with ECA injections as an important component in the diagnostic workup of patients with moyamoya (in conjunction with other imaging modalities), offer an opportunity to reduce perioperative complications related to stroke, and suggest novel methods to develop biomarkers capable of stratifying surgical candidates and predicting outcome.
